A new class of sky-blue-emitting arylgold(III) complexes containing tridentate bis-cyclometalating ligands derived from 2,6-diphenylpyridine (C^N^C) has been successfully designed and synthesized. By systematically varying the electron-withdrawing groups from cyano, fluoro, and trifluoromethyl to trifluoromethoxy groups on the phenyl ring of the tridentate C^N^C ligands, the emission maxima of these complexes have been significantly blue-shifted from 492 nm to 466 nm in dichloromethane solution. In addition, the higher excited state distortion with respect to the ground state associated with the multiple fluoro substitutions at the tridentate ligand has been successfully reduced by the employment of trifluoromethyl and trifluoromethoxy groups, as revealed by the Huang-Rhys factor. Taking advantage of their high photoluminescence quantum yields of up to 43% in the solid-state MCP thin-films, high performance solution-processable and vacuum-deposited organic light-emitting devices with external quantum efficiencies of up to 5.3% and 11.3%, respectively, have been realized. This work represents the first demonstration of sky-blue-emitting gold(III) complexes with an x chromaticity coordinate of <0.2.
Introduction
With the successful launching of high resolution mobile phones and television displays on the market, recent developments have turned organic light-emitting devices (OLEDs) into a practical reality with unprecedented success. [1] [2] [3] [4] [5] The advancement in the design of high-performance luminescent materials as well as smart device architecture has led to a leap-forward development for the display industry. To realize full-color displays, emitters with emission energies covering the whole visible region from saturated blue to saturated red are required. Among the RGB colors, the development of blue-emitting materials with emission in the blue region at ca. 400-480 nm is still one of the most challenging tasks. Rapid progress in device performance with extraordinary high external quantum efficiencies (EQEs) has been demonstrated for blue emission in recent years. 6, 7 Of particular interest are thermally activated delayed uorescence (TADF) and phosphorescent materials, because of their capabilities to harvest all singlet and triplet excitons. Notably, Adachi and co-workers have reported high performance blue-emitting TADF materials with nearly 100% internal quantum efficiencies.
8 Efficient vacuum-deposited OLEDs with EQEs of up to 25.9% have also been realized although the relatively long excited lifetimes of the TADF materials have inevitably resulted in severe triplet-triplet annihilation at high brightness. 8 Meanwhile, blue-emitting phosphorescent complexes, mostly based on iridium(III) and platinum(II) systems, with good color purities and outstanding electroluminescence (EL) performances with EQEs of up to 30% have been demonstrated. [9] [10] [11] [12] [13] Typically, the incorporation of high triplet energy cyclometalating ligands or carbene-type ligands is the most effective way to blue-shi the emission. [14] [15] [16] [17] [18] In particular, a number of blue-emitting phosphors based on iridium(III) and platinum(II) metal centers have been reported; for example, deep blue-emitting phosphorescent OLEDs (PHOLEDs) based on iridium(III) complexes with picolinic acid Noxide as the auxiliary ligand were reported by Kim and coworkers. 19 High EQEs of 23.3% and Commission Internationale de L'Eclairage (CIE) coordinates of (0.15,0.20) have been realized via smart device engineering. 19 Meanwhile, Li and co-workers reported a series of deep blue-emitting phosphorescent C^C^C^N tetradentate-ligand containing platinum(II) complexes. 20 PHOLEDs based on these complexes exhibited a maximum EQE of 23.7% with CIE coordinates of (0.14,0.15).
Compared to the isoelectronic platinum(II) analogues with a square-planar structure, there are only a handful of phosphorescent gold(III) complexes that have been reported to emit in the blue region. 21 The occurrence of red-shied excimeric emission, which is commonly observed in d 8 square-planar metal complexes, may be one of the most important key factors for the synthetic challenges for blue-emitting gold(III) complexes. 22 Besides, our recent demonstrations on the design of new classes of high performance cyclometalated gold(III) complexes with bidentate, tridentate and tetradentate ligands have provided inspiration for the strategy for further modi-cation of this system. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] In particular, arylgold(III) complexes appear to be an ideal candidate for further development of a versatile design strategy for blue-emitting gold(III) complexes, where the steric interactions between the auxiliary aryl ring and the 2,6-diphenylpyridine (C^N^C) ligand can effectively suppress the p-stacking. 35 To further blue-shi the emission energy, herein we report a novel class of sky-blue-emitting arylgold(III) complexes 1-7 by incorporating different tridentate ligands derived from the C^N^C ligand (Scheme 1). Particularly, the 4,4 0 -positions of the phenyl ring of the tridentate ligand have been changed to an electron-withdrawing cyano and electron-donating tert-butyl groups in 1, uoro and tert-butyl groups in 2, while complex 3 is 4-uoro-and 3 
Results and discussion

Synthesis of arylgold(III) complexes
The synthetic route and molecular structures of complexes 1-7 are shown in Scheme 1. Complexes 1-7 are prepared via modication of the literature procedure for bis-cyclometalated arylgold(III) complexes. 36, 37 The identities of all the complexes have been conrmed by 1 H and 13 C NMR spectroscopy, FAB mass spectrometry and elemental analyses. These complexes have been isolated as thermally stable white to pale yellow solids with high decomposition temperatures (T d ) of >290 C (Table 1 ). The thermogravimetric traces of selected complexes have been shown in Fig. 1 .
Photophysical properties
All the complexes show intense absorption bands at ca. 280-320 nm with a moderately intense vibronic-structured band at ca. 360-410 nm with extinction coefficients (3) on the order of 10 4 dm 3 mol À1 cm À1 . Table 2 summarizes the photophysical data of 1-7. The UV-vis absorption and emission spectra of complexes 1-7 in dichloromethane at 298 K are shown in Fig. 2  and 3 , respectively. The low-energy absorption shoulder is found to be sensitive to the substituent groups on the phenyl moiety of the C^N^C ligand, and has been tentatively assigned as the metal-perturbed intraligand (IL) p / p* transition of the C^N^C ligand with IL charge transfer (ILCT) character from the phenyl ring to the pyridine unit, possibly with mixing of some ligand-to-ligand charge transfer (LLCT) transition from the aryl ligand to the pyridine unit of the C^N^C ligand. [35] [36] [37] A progressive blue shi of the low-lying absorption bands at ca. 384 and 404 nm in 1 to ca. 366 and 386 nm in 4 is observed, attributed to the stronger electron-withdrawing effect of the uorine substituents than that of the cyano group. In addition, on going from 4 to 7, it is revealed that the incorporation of triuoromethyl or triuoromethoxy at the 4-position of the phenyl ring of the tridentate ligand could exert a similar electronic effect to 3,5-diuoro-substitution. It is worth noting that such modication of the substituent groups on the phenyl ring can also affect the emission energies of this class of gold(III) complexes. Upon excitation at l $ 350 nm in degassed dichloromethane solution at 298 K, a vibronic-structured band with an emission maximum at ca. 466-492 nm has been observed for 1-7. The emission energies are found to be dependent on the nature of the tridentate ligand and have been assigned as originating from the metal-perturbed 3 IL [p / p*(C^N^C)] state, with some aryl-to-pyridine 3 ILCT character. [35] [36] [37] In parallel to the UV-vis studies, the emission wavelength maximum has been blue-shied with increasing number of the uorine atoms on the phenyl moiety of the C^N^C ligand, i.e. 1 (492 nm) > 2 (474 nm) > 3 (470 nm) > 4 (466 nm) (Fig. 3a) . Unfortunately, the emission band shape has been found to be sensitive to multiple substitutions of uorine atoms on the C^N^C ligand, which perturbs the relative transition probability of the vibronic bands, as governed by the vibrational wavefunction overlap between the excited state and the ground state, commonly known as the Franck-Condon overlap integral, which is associated with the Franck-Condon factor.
38-40
Specically, the Huang-Rhys factor (S), which is dened as the ratio of the vibronic (1,0) and (0,0) intensities, serves to quantify the structural distortion DQ of the excited states with respect to the ground state. 39 Tetrauoro substitution on the phenyl ring of the C^N^C ligand has resulted in a larger excited state distortion of 4, as revealed by a Huang-Rhys factor of >1 (Fig. 3a) . Interestingly, upon replacing the uorine atoms by either one or two stronger electron-withdrawing triuoromethyl and triuoromethoxy groups (i.e. 5-7) according to the Hammett constant, 41 the ratio of the vibronic (1,0) and (0,0) intensities of 5 and 6 becomes closer and even comparable in the case of 7 (Fig. 3b) , indicating that the Huang-Rhys factor is approaching 1. More importantly, the higher emission color purity can be reected by their emissions in MCP thin lms. For instance, all the complexes feature vibronic-structured emission bands with peak maxima at ca. 474-498 nm; the thin lm emission spectra of 4 doped with different concentrations are illustrated in Fig. 4 . The emission energies are found to be independent of the dopant concentration in MCP thin lms, without the presence of any undesirable excimeric emission arising from the p-p stacking of the C^N^C ligand, which is in contrast to those commonly observed in square-planar d 8 metal
complexes.
23,24,26 Electrochemistry
The electrochemical data of 1-7 in dichloromethane solution (0.1 M n Bu 4 NPF 6 ) have been measured by cyclic voltammetry a T d is dened as the temperature at which the material showed a 5% weight loss.
and are depicted in Table 3 , in which their highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels are estimated. Selected cyclic voltammograms are shown in Fig. 5 . In general, a quasi-reversible reduction couple at À1.39 V to À1.53 V vs. the saturated calomel electrode (SCE) and an irreversible oxidation wave at +1.75 V to +1.89 V vs. SCE are found for 1-7. The rst reduction is attributed to the ligand-centered reduction of the cyclometalating ligand. 37 Notably, the occurrence of the rst reduction couple of 2 (À1.53 V vs. SCE) at a more negative value than those of 3 (À1.50 V vs. SCE) and 5 (À1.43 V vs. SCE) is attributed to the positive inductive effect exerted by the tert-butyl group on the phenyl moiety that causes a destabilization of the p* orbital. The rst oxidation wave of all the complexes has been assigned as the mixing of ligand-centered oxidation of the cyclometalating ligand and the auxiliary aryl ligand. It is found that the oxidation potential is sensitive to the nature of the substituent groups on the phenyl moiety of the C^N^C ligand. The more positive potentials for 6 (+1.86 V vs. SCE) and 7 (+1.89 V vs. SCE) than that for 1 (+1.80 V vs. SCE) are attributed to the more negative inductive effect of the triuoromethyl and triuoromethoxy groups exerted on the phenyl moiety that causes a stabilization of the lled p orbital. This assignment can be further rationalized by the computational studies in the structurally related cyclometalated arylgold(III) system reported by our group recently. 35 In the computational studies, the energy difference between the HOMO and HOMOÀ1 for this system is found to be ca. 0.15 eV, indicating that these two orbitals are close-lying in energy. Moreover, the HOMOÀ1 is predominantly from the p orbital of the C^N^C ligand mixed with a metal dp orbital, and their HOMO is predominantly from the p orbital of the auxiliary ligand mixed with a metal dp orbital. This further conrms that the rst oxidation waves of these complexes can be ne-tuned by the choice of substituent groups.
OLED device fabrication and characterization
Compared to our previously reported alkynylgold(III) complexes, this new class of arylgold(III) complexes is both solutionprocessable and thermally evaporable, offering greater exibility for the fabrication of OLEDs. To test the applicability, solutionprocessable OLEDs with the conguration of indium tin oxide (ITO)/poly(ethylenedioxythiophene):poly(styrene sulfonic acid) (PEDOT:PSS; 70 nm)/x% gold(III) complex:MCP (60 nm)/tris(2,4,6-trimethyl-3-(pyridin-3-yl)phenyl)borane (3TPYMB; 5 nm)/1,3,5-tri [(3-pyridyl)phen-3-yl]benzene (TmPyPB; 30 nm)/LiF (0.8 nm)/Al (100 nm) have been prepared, in which the most bluish complexes 4 and 7 were used as phosphorescent dopants. Fig. 6 depicts the normalized EL spectra of solution-processable devices doped with 4 and 7 at different concentrations. All devices exhibit vibronic-structured emission and are independent of the dopant concentration, in agreement with the emission studies. The slight differences between the emission prole of the EL spectrum of 4 in solution-processable OLEDs and the PL spectrum of 4 measured in the doped lm may be due to the different packing of the molecules that can perturb or modulate the extent of excited state distortion and hence the Huang-Rhys factor. Particularly, both x and y coordinates of all the devices remain unchanged with increasing dopant concentration from 5 wt% to 20 wt%, i.e. emission from the adjacent carrier-transporting and/or host materials is observed (Fig. 7) . This concentration independence is seldom observed for square-planar metal complexes, in which the p-stacking of the molecules usually leads to the formation of excimeric emission, generating a signicant spectral shi and hence poor color purity of the OLEDs. It should be highlighted that the present results open up another effective means to realize sky-blue emission of gold(III) complexes. Unlike the alkynylgold(III) analogues, the steric repulsion between the aryl ring and the C^N^C ligand can effectively suppress the intermolecular interactions. By . b E pa refers to the anodic peak potential for the irreversible oxidation wave. c E 1/2 ¼ (E pa + E pc )/2; E pa and E pc are the peak anodic and peak cathodic potentials, respectively.
. e E pc refers to the cathodic peak potential for the irreversible reduction wave. f E HOMO and E LUMO levels were calculated from electrochemical potentials, i.e. E HOMO ¼ Àe(4.8 V + E pa ); E LUMO ¼ Àe(4.8 V + E pc ). modifying the substituents on the phenyl ring of the C^N^C ligand, ready ne-tuning of the energy of the arylgold(III) complexes into the blue region has been realized. In addition to high color purity, satisfactory device performance has been obtained for both solution-processable and vacuum-deposited OLEDs. For solution-processable devices, the optimized devices doped with 4 and 7 show maximum EQEs of 2.3% and 5.3%, respectively. While both gold(III) complexes have similar PLQYs, the discrepancy in the EQEs may be due to the better solubility of 7, yielding more uniform thin lms. This solubility problem can be diminished by using thermal evaporation, in which both devices exhibit comparable EQEs of up to 10.7% and 11.3%, respectively (Tables 4  and 5 ). Fig. 8 and 9 depict the EQEs of solution-processable and vacuum-deposited devices made with 4 and 7, respectively. The operational stability of the vacuum-deposited device based on 5 wt% complex 7 has been investigated and tested at a constant driving current density of 20 mA cm
À2 . An operational half-life of $48 hours at a luminance of 100 cd m À2 is estimated according to the accelerated lifetime testing method (Fig. 10) . These ndings clearly demonstrate that this new class of sky-blue-emitting arylgold(III) complexes shows promise as phosphorescent dopants for both high performance solution-processable and vacuum-deposited OLEDs. More importantly, this work represents the rst successful demonstration of blue-emitting gold(III) complexes with CIE x coordinate < 0.2. 
Conclusion
A new class of sky-blue-emitting arylgold(III) complexes of 2,6-diphenylpyridine has been designed and synthesized by engineering the substituents on the phenyl ring, in which the emission energies have been effectively ne-tuned from 492 nm to 466 nm in dichloromethane solution. It is found that the incorporation of more uorine atoms would cause a higher excited state distortion with respect to the ground state, while triuoromethylation is an effective way to shi the emission to the blue region. More importantly, this class of arylgold(III) complexes is capable of serving as phosphorescent dopants with high EQEs of up to 5.3% and 11.3% for both solutionprocessable and vacuum-deposited OLEDs, respectively, opening up a versatile approach to realize blue emission in square-planar gold(III) complexes.
Experimental section
Materials
The tridentate ligands, 4-CN-C^N(4- column chromatography on silica gel to yield the chlorogold(III) precursor complexes as a pale yellow solid. 4-Acetylbenzonitrile, 3,5-diuoroacetophenone, 4-uoroacetophenone, 4-tert-butylacetophenone, 4-(triuoromethyl)acetophenone, 4-(triuoromethoxy) acetophenone and 4-tert-butylphenylboronic acid were purchased from Sigma Aldrich or Matrix Scientic. All solvents were puried and distilled using standard procedures before use. All other reagents were of analytical grade and were used as received. Triethylamine was distilled over calcium hydride before use. Tetran-butylammonium hexauorophosphate (Aldrich, 98%) was recrystallized for no less than three times from hot absolute ethanol prior to use. All reactions were performed under anaerobic and anhydrous conditions using standard Schlenk techniques under an inert atmosphere of nitrogen.
Physical measurements and instrumentation
The UV-vis absorption spectra were recorded on a Cary 60 UV/Vis (Agilent Technology) spectrophotometer equipped with a xenon ash lamp. 44 whereas thin lm PLQYs were measured on a Hamamatsu C9920-03 Absolute PLQY Measurement System. Excited-state lifetimes of thin lms were measured on a Hamamatsu C11367-34 Quantaurus-Tau Fluorescence lifetime spectrometer. Cyclic voltammetry was performed with a CH Instruments Model CHI620E (CH Instruments, Inc.). All solutions for electrochemical measurements were purged with pre-puried argon gas prior to measurement. Thermal analyses were performed with a Q50 TGA (TA instruments), in which the decomposition temperature, T d , is dened as the temperature at which the sample shows a 5% weight loss.
OLED fabrication and characterization
Solution-processable OLEDs were fabricated on patterned ITO glass substrates with a sheet resistance of 30 U per square. The substrates were cleaned with Decon 90, rinsed with deionized water, dried in an oven, and nally treated in an ultravioletozone chamber. A 70 nm thick PEDOT:PSS layer was spin-coated onto the ITO coated glass substrates as a hole-transporting layer. Aer that, the emissive layer was formed by mixing the gold(III) complex with MCP to prepare a 10 mg cm À3 solution in chloroform and spin-coating it onto the PEDOT:PSS layer to give uniform thin lms of 60 nm thickness. Onto this, 5 nm thick 3TPYMB and a 30 nm thick TmPyPB were evaporated as a holeblocking layer and an electron-transporting layer, respectively, while LiF/Al was used as the metal cathode. For vacuumdeposited OLEDs, sequential thermal evaporation of MoO x , TAPC, the emissive layer, TSPO1, Tm3P26PyB, LiF and Al was done onto the ITO substrates. All organic and metal lms were sequentially deposited at a rate of 0.1-0.2 nm s À1 without any vacuum break. A shadow mask was used to dene the cathode and to make four 0.1 cm 2 devices on each substrate. Current density-voltage-luminance characteristics and EL spectra were measured simultaneously with a programmable Keithley model 2420 power source and a Photoresearch PR-655 spectrometer. The operational stability of OLEDs was tested under accelerated lifetime testing conditions and the half-life was estimated using the equation
n , where L 0 is the initial luminance, t 1/2 is the measured half-life, and m is an acceleration factor taken to be 1.7.
Synthesis and characterization of gold(III) complexes
Complexes 1-7 were synthesized by reacting the respective chlorogold(III) precursors with 4-tert-butylphenylboronic acid in the presence of a catalytic amount of palladium(II) catalyst in an aqueous base and organic solvent. For instance, to a two-necked ask containing [Au{4-CN-C^N(4- 
